Abstract Hybrid silica (i.e., bis-triethoxysilylethane: BTESE) membranes doped with B, Ta or Nb were made through a sol-gel process. Triethyl borate, tantalum (V) ethoxide (TPE) and niobium (V) ethoxide (NPE) were selected as doping precursors. The doping concentration was optimized to produce sols, suitable for membrane fabrication. Thermal stability, structural analysis, crosssectional micrographs and single gas permeation experiments were performed on these membranes, and results are compared with an undoped BTESE membrane. It was observed that the synthesized doped BTESE materials and membranes resulted into a more open (and, in one occurrence, SF 6 permeable) pore microstructure, showing high permeances of larger gas molecules, while having a crosssectional thickness comparable to undoped BTESE membranes.
Introduction
Inorganic membranes have attracted considerable attention for their applicability in gas separation processes in conditions where polymeric membranes cannot be used. Inorganic membranes remain stable at high temperature (i.e.,[400°C), do not swell in solvents, and are resistant to abrasion [1, 2] . Porous inorganic membranes with either size-and/or affinity-based selectivity offer potential advantages in separating gaseous mixtures at elevated temperatures [3] , in catalytic membrane reactors [4] and in hydrogen separation [5] . The application of microporous silica membranes for hydrogen purification has been subject of study for a long time [4] . These membranes are either prepared by a chemical vapor deposition (CVD) technique [6, 7] or by using sol-gel methods [8] [9] [10] . Although silica membranes, fabricated by sol-gel methods, show great promise in gas separation, the technical challenges such as hydrothermal stability are still a point of concern [11] . Hybrid organosilica (e.g., bis-triethoxysilylethane: BTESE) membranes are very suitable to overcome such problems, since they show an improved hydrothermal stability [12, 13] . The exposure of silica to moisture (or steam) at around 70°C leads to the hydrolysis of Si-O-Si bonds [1] . The introduction of organic bridges in the silica microstructure makes it less susceptible for hydrolysis which extends the industrial application of silica membranes [14] . It has been reported that the shape, flexibility and length of organic bridges in the hybrid silica network have an influence on the membrane pore size, structure and affinity [15] .
For a gas permselective membrane, the pore size and pore size distribution should be small and sufficiently uniform to ensure that the membrane acts as an efficient sieve to block larger gas molecules for permeating through the membrane. The presence of hydrocarbon chains in the silica backbone improves the hydrothermal stability of such a hybrid silica matrix, however, at the cost of reduced gas selectivity [11] . A possible approach to improve the gas permselectivity of these hybrid silica membranes is the incorporation of metal ions in the hybrid silica matrix. This approach was successfully implemented by doping the silica network with metal ions, such as aluminum and magnesium [16] , zirconium [17, 18] , niobium [19, 20] , nickel [21] and cobalt [22, 23] . For hybrid silica (i.e., BTESE), only the incorporation of niobia has been reported to date [24, 25] , where it is claimed that the introduction of niobia created surface active sites resulting in a reduced CO 2 permeance. These authors observed that the H 2 /CO 2 permselectivity at 450°C was higher (i.e., H 2 /CO 2 = 220) compared to hydrogen selectivity over larger molecule such as nitrogen (H 2 /N 2 = 125) and thus claiming that CO 2 permeance through these Nb-BTESE membranes was not only determined by size exclusion. However, in the same work, this enhanced H 2 /CO 2 permselectivity was not observed at 300°C and 350°C [(H 2 /CO 2 ) 300°C = 11.4, (H 2 / CO 2 ) 350°C = 11, (H 2 /CO 2 ) 400°C = 50; (H 2 /N 2 ) 300°C = 50, (H 2 /N 2 ) 350°C = 45, (H 2 /N 2 ) 400°C = 65] which raises questions regarding niobia incorporation, its influence on reduced CO 2 permeance and the reproducibility in fabrication of Nb-BTESE membranes. Because of this inconsistency in results, a new study on Nb-doped BTESE was performed as described in this study.
Furthermore, we report the incorporation of boron and tantalum in the hybrid silica (BTESE) matrix with the aim to fabricate a defect-free, gas selective membrane film. Boron has extensively been used as a glass-forming agent due to their low thermal expansion coefficient. In membrane fabrication, boron has been doped in a silica matrix using boric acid powder as boron source to reduce the defect density and enhance the membrane performance [26] . The Si-C-C-Si bond strength of hybrid silica is unknown, but in silica, Si-O has a bond strength of 368 kJ/mol [27] and the bond B-O strengths are 560 kJ/mol and 790 kJ/mol for BO 4 -and BO 3 species, respectively [27] . The incorporation of boron in the hybrid silica matrix was expected to bring more rigidity and tightness to hybrid silica matrix. In this research, triethylborate (TEB) was used as a boron source for doping the hybrid silica matrix.
Tantalum is known for its high chemical and hydrothermal stability and belongs to the refractory metal group [28] . Thin films of tantalum oxide are already in use in transistors [29] , sensors [30] , and capacitors [31] . It has been reported that sol-gel-derived ultra-thin tantalum membranes resulted in a dense structure with very low hydrogen permeance [32] . On the other hand, hybrid silica membranes have a relatively loose pore microstructure [33] . In the current work, tantalum is used as a dopant in hybrid silica, to form a relatively denser microstructure than that of undoped BTESE [33] for improved H 2 /X gas permselectivities.
Experimental
As hybrid silica precursor, 1,2-bis(triethoxysilyl) ethane (BTESE) (97 %, ABCR Germany) was used. 5 , 99 %, ABCR Chemicals) were used as boron, niobium and tantalum sources, respectively.
For the synthesis of boron-doped hybrid silica (B-BTESE) sols, the following procedure was used. TEB (2.51 ml) was added to a BTESE-ethanol mixture (11.10 ml BTESE in 6.38 ml ethanol) in a round bottom flask. Into that flask, a mixture of nitric acid (0.5 ml, 65 wt% Aldrich), water (3.65 ml, deionized) and ethanol (15.85 ml, Absolute, Aldrich) was added under vigorous stirring in an ice bath and afterward kept at 60°C for 1. The hydrolysis step for the synthesis of tantalum-doped hybrid silica (Ta-BTESE) sols was performed in a glove box under nitrogen atmosphere. A solution of 0.495 ml nitric acid (pH 2.56) in 12.25 ml ethanol was added to a BTESE-ethanol mixture (3.26 ml BTESE in 9.44 ml ethanol) and stirred for 2 h at 20°C. TPE (1.11 ml in 40.77 ml ethanol) was added to the aforementioned solution, and the reaction was further allowed to run for 1 h at 20°C under constant vigorous stirring. Finally, 0.43 ml nitric acid (pH 2.5), dissolved in 12.25 ml ethanol, was added to the doped hybrid silica mixture, and the reaction was allowed to run at 60°C for another 1 h. The Ta Niobium-doped hybrid silica (Nb-BTESE) sols were made by using the following reaction scheme. A solution of 0.46 ml nitric acid (pH 2.5) in 12.25 ml of ethanol was added to a BTESE-ethanol mixture (3.26 ml BTESE in 9.44 ml ethanol) in a glove box under nitrogen atmosphere. The solution was stirred at 20°C for 2 h. After that, 1.05 ml NPE in 40.83 ml ethanol was added to the solution, and the reaction was allowed to run for 1 h at 20°C under constant vigorous stirring. Finally, 0.43 ml nitric acid, dissolved in 12.25 ml ethanol, was added to the solution, and the reaction was allowed to run at 60°C for Particle sizes of freshly prepared hybrid sols (with an extra 75 % dilution in ethanol by volume) were determined by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS at 25°C. Measurements were taken using 1.0-1.5 ml of the sol in a disposable size cuvette (Type DTS0012, Malvern Instruments). The hydrodynamic diameter of the sol particles was determined from the Brownian motion of the particles as defined by the translational diffusion coefficient D in the ethanol solvent. The hydrodynamic diameter d was obtained by the Stokes-Einstein equation:
where k = Boltzmann's constant; T = the temperature; g = solvent viscosity; D = diffusion coefficient in the solvent.
Disc-shaped a-alumina supported c-alumina was prepared by a dip-coating procedure of a boehmite sol on aalumina supports (support thickness of 2.08 ± 0.01 mm and pore diameter of about 100 nm, Pervatech B.V, The Netherlands), followed by subsequent drying and calcination, as described in detail in [34] . The dip-coating calcination process was performed twice on the a-alumina disc supports to form a smooth mesoporous intermediate layer.
A pore size for the c-alumina intermediate layer of 3-5 nm was determined by permporometry, using the method as described elsewhere [35] .
For membrane fabrication, the separation layer was applied onto the a-alumina supported c-alumina substrate by a single dipping procedure as described elsewhere [33] , followed by a thermal treatment at 300°C for 3 h under nitrogen (99.99 % pure) with a heating/cooling rate of 0.5°C/min. The sol and membrane fabrication experiments were performed three to five times to confirm the reproducibility of the results.
The thickness of the calcined hybrid silica layers was determined by analyzing cross-sectional micrographs of the membranes, acquired from a high-resolution scanning electron microscope HR-SEM (Zeiss 1550) at an accelerating voltage of 1.0 kV.
Dried powders of doped hybrid silica sols were obtained by drying the corresponding sols in a petri dish overnight at room temperature. These powders were analyzed using thermogravimetry (TGA). Measurements were carried out on a STA 449 F3 Jupiter Ò (Netzsch) instrument under nitrogen atmosphere. About 20 mg of sample was used and each measurement run from room temperature until at least 800°C at a heating rate of 10°C/min.
The in situ Fourier transform infrared (FTIR) measurements were taken in the sol solution by using a Bruker Tensor 27 equipped with a KBr beamsplitter, a Pike GladiATR diamond attenuated total reflectance (ATR) unit and a liquid nitrogen cooled MCT broadband detector. The FTIR spectra were recorded in 2 min, with a resolution of 1 cm
.The Fourier transform (FT) was performed with 9480 phase interferogram points and a Blackman-Harris 3-term apodization function. The ATR-unit was equipped with an aluminum cup being sealed with a rubber stop.
For the in situ FTIR measurements, 129 lL BTESE was dissolved in 2371 lL ethanol in a 5 mL polypropylene tube. In a separate tube, 37 lL HNO3 in water (pH = 2.56) was mixed in 2464 lL ethanol. The second tube containing nitric acid was poured into the first tube with BTESE vigorously shaken for 30 s, and subsequently, 300 lL of this solution was placed in the aluminum cup onto the ATR-unit, and the measurement was started. The FTIR spectra of calcined undoped and doped hybrid silica powders were obtained in the range 400-4000 cm -1 , using a resolution of 4 cm -1 and 16 scans. Membrane characterization was performed on an inhouse designed single gas permeation (SGP) setup in a deadend mode without backpressure. The membranes were sealed in a stainless steel module using Viton Ò 51414 O-rings with the separation layer exposed to the feed side. The gas permeance was measured at 200°C in a sequence, starting with the gas of smallest kinetic diameter, from He (0.255 nm), H 2 (0.289 nm), N 2 (0.364 nm), CO 2 (0.33 nm), CH 4 (0.389 nm) to SF 6 (0.55 nm) and H 2 (again) at 200°C with a trans-membrane pressure of 2 bar. The H 2 permeance measurements were taken again at the end of all measurements to ensure stable membrane microstructure. Only a 1-3 % variation in H 2 permeance was observed between the two measurements.
Membrane performance via SGP was determined by:
where F is the permeance of gas i, determined by calculating the molar flux (N) of the gas through the membrane at a pressure difference (DP) between feed and permeate side.
3 Results and discussions
Doped BTESE sol characterization
The sol fabrication of B-BTESE was a relatively straightforward synthesis scheme. However, only 20 % boron doping was possible for realizing stable sols with appropriate particle sizes, necessary for membrane fabrication. Lower boron concentrations (i.e., 5, 10, and 15 %) resulted in sol particles with an average size smaller than 4 nm with high polydispersity. 20 % doping of TEB in BTESE showed to be sufficient to synthesize uniform bigger sol particles (of about 8 nm) which were applicable for membrane coating. It might be possible that more than 20 % of TEB doping in the BTESE precursor during the sol synthesis would also lead to doped hybrid silica sols, suitable for membrane fabrication, but in this work, a maximum of only 20 % doping was employed. During the synthesis of hybrid silica sols, containing the ethoxides of niobium or tantalum, the system gelled within minutes when adding these ethoxides at the same time to the reaction mixture as the BTESE precursor, while a welldefined sol with a small and homogeneous particle size distribution was obtained for pure BTESE under identical conditions (i.e., temperature of 60°C) [33] . As the reactivity of the tantalum and niobium precursors is very high, an alternative route was developed to control hydrolysis/condensation during sol synthesis. This procedure not only resulted in the incorporation of these metal ion in the hybrid silica structure but also resulted in a homogenous sol particle size distribution with sizes slightly larger than (or equal to) the c-alumina pore size of about 5 nm. Preliminary experiments confirmed that the metal precursors hydrolyze very fast; hence, hydrolysis must be done under water lean conditions to enhance the possibility of their integration in the hybrid silica matrix. To investigate this, in situ FTIR analysis was performed during the synthesis of a (undoped) BTESE sol at 20°C. The evolution of different reactive groups and hydrolysis products as function of reaction time was examined by monitoring the changes in intensities of its specific IR vibration lines, as shown in Fig. 2 . From this figure, it can be observed that the intensities of the Si-O-Si remained relatively constant for an extended period of time. During the first 120 min of reaction the IR peaks, corresponding to the BTESE ethoxy groups (SiOEt) as well as the one representative for (free) water decreased in intensity, while the intensity of the Si-OH vibration (corresponding to the hydrolysis product) increased simultaneously. After around 2 h of reaction, the free water line intensity increased slightly, which can be ascribed as a water condensation reaction where water is released as a by-product [9] . This FTIR analysis might not provide accurate information, but it gives an indication that hydrolysis of BTESE at 20°C proceeds in 2 h. The combination of the lower amount of water in the reaction mixture and of already (partly) hydrolysis of BTESE after 2 h of reaction might sufficiently prevent the Nb-or Taalkoxide precursors from fast hydrolysis and enhance the reaction of the metal ion with the BTESE hybrid silica precursor.
The synthesis recipe for Nb-and Ta-doped BTESE sols was modified accordingly, in a way as shown in Fig. 1 , to obtain a sol with uniform particle size and particle size distribution, applicable for membrane coating. BTESE and aqueous HNO 3 were allowed to react inside a glove box for 2 h at 20°C as a pre-hydrolysis step before the addition of either Ta-or Nb-alkoxide. In this way, the dopants are allowed to react with the hybrid silica matrix under water lean conditions, which is also suitable for a homogenous dispersion of the dopant in the hybrid silica matrix [36] . Finally, after 1 h, the remaining nitric acid was added and the temperature was increased to 60°C to ensure complete hydrolysis of all ethoxy groups and to facilitate the condensation process. This resulted in hybrid sols with high monodispersity and average particle size of about 6 nm for Ta-BTESE and about 7 nm for Nb-BTESE-derived sols (Fig. 3) . Figure 4 shows the TGA data of dried pure and doped BTESE hybrid gels in nitrogen atmosphere. The color of the pure and all doped hybrid silica gels changed from initially white into black or dark brown after the TGA measurement, indicating pyrolysis of the samples during heating up to 800°C. The continuous weight loss up to 200°C for pure BTESE, Nb-BTESE and Ta-BTESE gels and up to about 150°C for B-BTESE can be assigned to the evaporation of residual water and ethanol. After this evaporation step, a slight weight loss is observed until 550°C, which is assigned to a continuous decomposition (partial pyrolysis), followed by a stronger weight loss after 550°C, which can be ascribed to the degradation of the ethylene bridge [37] . This weight loss observed at high Fig. 2 Variation in the absorbance intensity of IR-vibrations related to the hydrolysis of BTESE precursor at 20°C Fig. 3 Average sol particle size and size distribution of freshly synthesized doped BTESE sols, by using the light scattering technique. The sol particle size is compared with undoped BTESE sol [33] temperature is more pronounced for the undoped and B-doped BTESE than for the Ta-or Nb-BTESE systems.
No clear explanation is available in the literature for the onset of the degradation of -C 2 H 4 -in the hybrid silica precursor. In Ref. [37] , it is claimed that the decomposition of the ethylene bridge in BTESE occurs between 470 and 800°C in a nitrogen atmosphere. This is in good agreement with the results as depicted in Fig. 4 . It can be claimed that a temperature of around 500°C is marked as a start of the degradation process of all doped BTESE materials and that the hybrid system remains intact until 500°C in an inert nitrogen atmosphere. Figure 5 shows the FT-IR spectra of doped and undoped BTESE powders calcined at 300°C under nitrogen atmosphere. For all samples, CH 2 vibrations at 1270 and 1413 cm -1 [1, 38] are visible that can be regarded as evidence for the presence of Si-CH 2 -CH 2 -Si in these samples. The signals at 1000 and 680 cm -1 are indicative for a Si-O-Si structure in the samples [38, 39] . The B-O stretching mode at 1467 cm -1 is reported in literature for boron-silica systems [26] . However, it was unable to find any proof of B-O in the hybrid silica matrix. For Nb-BTESE and Ta-BTESE, there was no indication either of any change in the hybrid structure by the inclusion of these elements, as also reported elsewhere [24] . From these results, it can be concluded that all the dopants added to the BTESE did not disturb the hybrid silica network and that the central hinge of hybrid silica structure (i.e., ethylene bridge) is retained in all the doped BTESE samples. Figure 6 shows cross-sectional HR-SEM micrographs of Nb-BTESE, Ta-BTESE and B-BTESE membranes. These membranes were fabricated using an identical dip-sol concentration of 0.3 M and an almost identical particle size distribution. Therefore, any variation in thickness of the selective layer can be ascribed to the effect of doping into the hybrid silica matrix. The separation layers showed thicknesses of 360, 230 and 180 nm for, respectively, Nb-BTESE, Ta-BTESE and B-BTESE membranes. However, there might also be a possibility that differences in selective layer thickness can be due to the difference in solid contents of doped material in the sol. The undoped BTESE membrane formed a uniform selective layer of about 260 nm [33] .
Doped BTESE membrane characterization
Single gas permeation experiments of Nb-BTESE, Ta-BTESE and B-BTESE membranes were performed at 200°C. These results as well as those of undoped BTESE (taken from Ref. [33] ) are given in Table 1 and Fig. 7 . In this way, the pore sizes of these membranes can be compared.
The Nb-BTESE and Ta-BTESE membranes were impermeable to sulfur hexafluoride (SF 6 ) gas molecules which ensured that the pore sizes of these membranes were smaller than 0.55 nm. B-BTESE membranes showed some SF 6 permeance from which it can be concluded that the B-BTESE membrane contains a few pores larger than 0.55 nm. The presence of pinholes or defects in the selective layer was not visible by high-resolution SEM, and therefore, it can be stated that the inclusion of boron resulted in the formation of relative larger pores when synthesized by sol-gel processing.
It was surprising to observe similar gas permeance values for all membranes because the B-BTESE membrane has a relatively thin selective layer compared with the other doped and undoped BTESE membranes. The overall H 2 /X gas permselectivity of all doped BTESE membranes was lower than for undoped BTESE membranes (see Table 1 ). Nb-BTESE and Ta-BTESE membranes showed identical H 2 /N 2 and H 2 /CH 4 permselectivities. The incorporation of Nb and Ta in the hybrid silica matrix appears to form a similar pore microstructure but with a difference of almost 100 nm in the selective layer thickness. The Nb-BTESE membrane showed far more permeance of bigger gas molecules (i.e., CO 2 , N 2 , and CH 4 ) than the undoped BTESE membranes, despite having a thicker selective layer (see Table 1 ). The degree of pore uniformity of the Nb-BTESE selective layer was homogenous as no SF 6 permeance was observed through the membrane, indicating that average pore size of the membrane was below 0.55 nm. However, these values are far below in performance when compared with the work previously done on Nb-BTESE membranes [24, 25] . This difference in membrane performance could be due to the synthesis recipe of Nb-BTESE sols that lead to a relatively loose pore size distribution, or due to the difference in the properties of support layer (average pore size and pore size distribution of c-Al 2 O 3 support).
To enhance the selectivity of doped BTESE membranes reported in this work, thermal treatment higher than 300°C, or for much longer holding times than 3 h at 300°C, could be beneficial because the pore shrinkage due to thermal treatment might improve the gas permselectivity of these membranes. However, extreme care must be taken regarding the degradation of the ethylene bridge. Although as it has been reported that the ethylene bridge might show decomposition at 470-480°C [37] , it is not known yet at which temperature the degradation actually starts.
Conclusions
Three different membrane materials (B-BTESE, Ta-BTESE and Nb-BTESE) were fabricated by sol-gel processing, and its applicability for gas separation was assessed by making microporous membranes through a single dipping procedure. All the doped BTESE sols formed a homogeneous selective layer of few hundred nanometers, The results are compared with undoped BTESE-derived membranes [33] Gas detection limit of equipment: 5 9 10 -10 mol/m 2 s Pa * Below detection limit of equipment ? Infinite permselectivity as determined by high-resolution SEM micrographs. The structural evaluation by FT-IR spectroscopy of gels dried and calcined at 300°C indicated that the ethylene bridge remains persistent in the silica backbone of BTESE for all systems. SGP analysis of Ta-BTESE and Nb-BTESE membranes indicated a defect-free pore microstructure with comparable H 2 /N 2 and H 2 /CH 4 permselectivities of 7 and 12, respectively. The boron-doped BTESE membranes had a relatively open pore microstructure that limits their application for gas separation applications. No effect of niobium doping on a decrease in CO 2 permeance was found, i.e., lower CO 2 permeance when compared with nitrogen and methane permeances, as observed by Qi et al. [24, 25, 40] for some cases. It therefore remains unclear if incorporation of niobium in a hybrid silica matrix imparts any significant effect on lowering the CO 2 permeance.
